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New hydrological insights for the region:
The results show that each of the two salinization paths exerts a major and different influence on the chemical signature of groundwater. Groundwater present in the crystalline bedrock naturally evolve from a recharge-type groundwater (Ca-HCO 3 -dominant) to a type of brackish groundwater (Ca-(Na)-Cl-dominant) due to water/rock interactions (plagioclase weathering and mixing with deep basement fluids). Groundwater evolution in confined aquifers is dominated by water/clay interactions. The term water/clay interactions was introduced in this paper to account for a combination of processes: ion exchange and/or leaching of salt water trapped in the regional aquitard. Mixing with fossil seawater might also increase the groundwater salinity. PCA revealed that Ca 
Introduction
Deep groundwater in crystalline basement is typically highly mineralized, as indicated by numerous studies (Edmunds et al., 1984; Frape and Fritz, 1987; Fritz et al., 1994; Gascoyne and Kamineni, 1994; Lodemann et al., 1997; Bucher and Stober, 2010) . Saline to brine waters are systematically encountered deep in the crust by 1) nuclear waste disposal programs in various countries, particularly in Canada (Gascoyne et al., 1995) , Sweden (Nordstrom et al., 1989) , Finland (Lahermo and Lampen, 1987) , and Switzerland (Pekdeger and Balderer, 1987) ; in continental deep drilling programs (Russia: Kola island well; Germany: KTB); and in geothermal energy programs (France: Soultz-sous-Forêts; Switzerland: Urach; U.K.: Cornwall; USA: Los Alamos). Brackish to highly saline brines have been detected at depths down to several kilometers in many mines in crystalline rocks, particularly in the Canadian Shield (Fritz and Frape, 1982; Frape and Fritz, 1987) and in oil field sedimentary basins around the world (Fyfe et al., 1978; Kharaka test whether this evolution is similar within two different types of aquifers: fractured rock and porous granular sediments.
Multivariate analyses are performed on the regional-scale dataset of 321 samples and the results are discussed by means of graphical representations (log-log plot, Piper plot). Based on the existing literature, chemical reactions are proposed to explain the chemical trends observed in the data. In the SLSJ region, the groundwater dynamic appears to be largely influenced by the topography of the graben that is responsible for influencing the local discharge of contaminated groundwater (brines) from the deep crust involving natural cross-contamination issues.
Geology of the study area
The study area in the SLSJ region in the province of Quebec, Canada (Fig. 1A) ) and the Saguenay River (Fig. 1B) , which is the main outlet of Lake St. John and is a tributary of the St. Lawrence River.
The following are the main geological features in the study area in chronological order:
1) Precambrian rocks of the Canadian Shield; 2) Ordovician limestone; 3) Pleistocene glacial drifts and fluvioglacial sediments; 4) Deep Pleistocene seawater deposits; 5) Pleistocene deltaic and shore deposits.
These features are described according to their chronostratigraphy in the following section.
Fractured rocks
The SLSJ region is located in the Allochthonous Polycyclic Belt (Rivers et al., 1989) in the Grenville Province of the Canadian Precambrian Shield (Laurin and Sharma, 1975) . The main Precambrian lithologies are plutonic rocks that range in composition from felsic to intermediate and consist of a gneissic complex of orthogneiss and paragneiss (Hébert and Lacoste, 1998) . One major event was the emplacement of the enormous Lac-Saint-Jean anorthosite complex and other intrusions between 1157 and 1142 Ma, covering an area of approximately 20,000 km 2 (Woussen et al., 1988; Hervet et al., 1994; Higgins and Van Breemen, 1996) (Fig. 1B) .
A few remnants of an Ordovician platform composed of sedimentary rocks are found in the Lake St. John and Saguenay lowlands. These remnants form a series of stratified sedimentary rocks, including siliciclastic strata, micritic limestones and highly fossiliferous alternating limestones and shales (Desbiens and Lespérance, 1989) . A maximum thickness of 110 m has been recorded in the Ordovician sequence by drilling in the Saguenay area (CERM-PACES, 2013) . The limestones (Fig. 1B) occur along the northern, western and southern shores of the lake and are separated from the Saguenay outcrops by approximately 45 km of Precambrian rocks (Kénogami uplands).
Bedrock topography
The bedrock that controls the topography is cut by the Phanerozoic Saguenay Graben that is approximately 30 km wide and is crossed by a NNE-SSW rise in the elevation of the bedrock (Kénogami uplands; Fig. 2, model B) . The northern and southern walls of the Saguenay Graben are bounded by WNW fault systems (Du Berger et al., 1991) that mark the limits between the lowlands (from 0 m to approximately 200 m above the sea level) and the highlands (up to 1000 m above sea level). Outcrops with rugged terrain dominate the highlands (Fig. 2, model C) , whereas the topography of the lowlands is relatively flat due to the important local accumulations of Pleistocene deposits having a thickness of up to 180 m (CERM-PACES, 2013; Fig. 2, model A) .
The geological structures along the western side of the study area are oriented NNW-SSE ( Fig. 2 ; model A). In the northwestern portion of the study area, the delimitation between the highlands and the lowlands is not clear, thus giving an asymmetrical shape to the topography from north to south (half graben system, Fig. 2 ). Remnants of Ordovician limestone units have been identified principally in the lowlands (Fig. 2, model A) , mostly at the border of the Lake St. John. Limestones are generally covered by sequences of Pleistocene deposits.
Pleistocene deposits
In North America, the last glaciation began approximately 85,000 years ago during the early stage of the Wisconsinan period and ended approximately 7000 years ago (Parent and Occhietti, 1988) . During its retreat toward the west-northwest (orientation of the graben), the last glacier covering the region left a discontinuous and heterogeneous layer of till, several terminal moraines, glaciolacustrine deposits and important fluvioglacial esker deposits (Daigneault et al., 2011 LaSalle and Tremblay, 1978) . The morphology of the graben in the study area controlled the local accumulation of up to 50 m of interbedded sand and coarse grain fluvioglacial sediments (CERM-PACES, 2013; Fig. 2, models A, B and C) .
After the retreat of the glacier, the lowlands in the area were invaded approximately 10,000 years ago by the Laflamme Sea (Dionne and Laverdière, 1969) . This invasion resulted in a semi-continuous extensive layer of deep-water sediments consisting of laminated argillaceous silt and grey silty clay (Tremblay, 1971; LaSalle and Tremblay, 1978) . The fine-grained sea deposits contain salty interstitial water (Bouchard et al., 1983) and are relatively abundant, with a thickness of up to 100 m in some areas within the limits of the graben (Dessureault, 1975; Fig. 2, models A, B and C) . The regional aquitard represents a confining layer for the underlying aquifers (Dessureault, 1975; CERM-PACES, 2013) .
The isostatic uplift in response to the long-term subsidence of the region due to the weight of ice-forced the retreat of the Laflamme Sea (Bouchard et al., 1983; Lasalle and Tremblay, 1978) . At that time, various facies of deltaic, littoral and pre-littoral sediments were emplaced on the top of the sedimentary sequences (Fig. 2 , models A, B and C). These sediments are laminated with a highly heterogeneous stratigraphy, layers with particle sizes ranging from silt to gravel , and a thickness of up to 100 m (CERM-PACES, 2013).
Hydrogeological background
During the complex geological history of the SLSJ region, several hydrogeological environments have been created. Confined and/or unconfined aquifers occur in the fractured rock and Pleistocene deposits and combine locally to form multilayered aquifers (CERM-PACES, 2013) , some of which are unconnected and some of which are interconnected (Chesnaux et al., 2012; Richard et al., 2014) . Fluvioglacial sediments are the most productive regional aquifers. These aquifers are characterized by a hydraulic transmissivity (T) of 10 −4 to 10 −3 m 2 /s and are consequently favored as a source of municipal drinkable water (CERM-PACES, 2013 ).
These reservoirs are frequently covered by the regional marine clay aquitard (Dessureault, 1975; CERM-PACES, 2013 ) but can also be unconfined, particularly in the major valleys in the highlands that were not covered by the invading Laflamme Sea (Fig. 2 , model C). Deltaic and shore deposits exhibit variable T values ranging from 10 −5 m 2 /s to 10 −2 m 2 /s. These sediments constitute the major regional water-table aquifers (CERM-PACES, 2013) .
Fractured rock aquifers exhibit relatively low values of T (10 −6 to 10 −5 m 2 /s), with local maximum values of 10 −3 m 2 /s attributed to regional-scale deformation zones (Hébert and Van Breemen, 2004; CERM-PACES, 2013) . To date, no clear distinctions have been made between the hydraulic properties of Ordovician limestone and Precambrian rocks.
The regional hydrogeological flow systems can be divided into two major systems that characterize other graben topography ( Meinken and Stober, 1997) . In the highlands, groundwater infiltrates into a network of interconnected fractures and faults within igneous and metamorphic rocks (Fig. 2 , model A, B and C). In contrast, the regional water table in the lowlands replicates the topography (Fig. 2 , model A, B and C). Lake St. John and the Saguenay River are the primary terminal discharge zones of the two regional groundwater flow systems.
Hydrogeochemical background
The groundwater in the study area exhibits a wide range of chemical compositions (Dessureault, 1975; Simard and Rosiers, 1979; Walter et al., 2006; Walter, 2010; Rouleau et al., 2011; Roy et al., 2011; Walter et al., 2011; CERM-PACES, 2013) . Although the groundwater in the SLSJ area is largely of good quality, brackish groundwater and water with excessive trace element concentrations relative to Canadian drinking water quality guidelines (Health Canada, 2007) , such as fluoride ( > 1.5 mg/L), barium ( > 1 mg/L), manganese ( > 0.05 mg/L), iron ( > 0.3 mg/L) and aluminum ( > 0.1 mg/L), have recently been identified (CERM-PACES, 2013) . Simard and Des Rosiers (1979) presented an overview of several aquifers in the southern portion of Quebec. Among the 20 samples collected from the Precambrian bedrock in the SLSJ region, two occurrences of excessive fluoride content ( > 1.5 mg/L), one excessive chloride concentration ( > 250 mg/L), and one significant salinity value ( > 1000 mg/L) were observed. According to Dessureault (1975) , the marine clay regional aquitard is responsible for the presence of brackish groundwater in the confined Pleistocene sediments. Moreover, Walter (2010) identified brackish groundwater in the bedrock at shallow depths ( < 100 m). Walter (2010) suggests that the graben morphology of this region is responsible for the long residence time of the regional-scale flow system that discharges around Lake St. John (Fig. 2) . The observations of Walter (2010) agree with the Tóth (1999) model, in which the salinity of groundwater increases with the scale of the flow system (i.e., local-scale (fresh groundwater), intermediate-scale (fresh to brackish groundwater), or regional-scale (brackish groundwater to brine)).
Methodology

Sampling sites and groundwater sampling locations
In this study, 363 samples were collected from private and municipal wells as part of two hydrogeochemical mapping campaigns in the SLSJ region. The first campaign was conducted in 2004 and 2005 and focused on brackish groundwater in the bedrock (Walter, 2010) . The second campaign was conducted in 2010 and 2011 to establish an overview of the groundwater quality of the fractured rock and granular aquifers (CERM-PACES, 2013) .
A conventional and recognized protocol was used to collect and preserve the samples (Cloutier et al., 2006; Walter, 2010; Montcoudiol et al., 2013; Ghesquière et al., 2015) . The chemical analyses were performed in certified laboratories using standard methods ( Table 1 ). The sampling protocol included follow-up of selected physicochemical parameters when purging the wells (temperature; redox potential, Eh; pH; dissolved oxygen; and electrical conductivity; Table 1 ). Purging was complete when the physicochemical parameters stabilized. The sampled water was filtered through a 0.45 μm filter and analyzed for major, minor and trace levels of 38 inorganic constituents (Table 1) .
Among the 363 samples, 42 groundwater samples with an electro-neutrality beyond ± 10% were rejected (Hounslow, 1995; Appelo and Postma, 2005) . Fig. 3 shows the locations of the remaining 321 groundwater sample sites used in this study. Among these samples, 170 and 151 samples were collected from bedrock and granular deposit aquifers, respectively.
Data processing
The proposed approach relies on a combination of: hierarchical cluster analysis (HCA), principal component analysis ( with the objective of grouping end-member samples according to their chemical similarities. PCA is next applied to the same subset to reveal details relating to end-member chemistry. All samples from the regional dataset are plotted on binary plots and a Piper diagram to highlight groundwater chemical evolution. The data processing methods used to determine the geochemical characteristics of the samples and the evolution of the water are presented in the following sections as steps 1 through 3.
3.2.1.
Step 1: selection of the chemical elements used in multivariate analysis Censored data are not appropriate for many multivariate statistical techniques (Güler et al., 2002) . Therefore, the non-detected, less-than, and greater-than values must be replaced by unqualified values (Farnham et al., 2002) . When dealing with below detection limit (DL) or DL values for a given dataset, Farnham et al. (2002) showed that substitution with DL/2 gave better results than using DL or 0. Therefore, to prevent sample exclusion, we replaced DL concentrations by half the value of the detection limit (DL/2).
Irrelevant performances of all substitution methods have been obtained when the number of ' < DL' values exceeded approximately 25% of the dataset (Farnham et al., 2002) . For this reason, chemical parameters were selected with the aim of having less than 25% censored data.
Step 2: multivariate statistical analysis
Multivariate analyses are designed to highlight the linear correlations between variables and they assume that the values of the variables satisfy a normal statistical distribution (Brown, 1998) . The Box-Cox power transformation was applied to the regional data set to represent the data as a normal distribution (Box and Cox, 1964; ArandaCirerol et al., 2006) . Each of the selected variables (in major, minor and trace elements) were then standardized to unit variance. The standardized data were obtained for each element by subtracting the mean concentration of the element from each concentration and dividing by the standard deviation of the distribution (Davis, 2002) . At that point, the values for each element were measured in standard deviation units, and the multivariate analysis could be performed. The software Statistica version 6.1 (Statsoft Inc., Ok, USA; 2013) was used to perform the multivariate statistical analysis.
3.2.2.1. Hierarchical cluster analysis. Hierarchical cluster analysis (HCA) is used to identify the optimal clustering in which the groundwater samples within each cluster are geochemically similar and the different clusters are geochemically dissimilar (Alvin, 2002) . When applying HCA to the regional data set, the clusters that are obtained correspond to samples exhibiting similar geochemical characteristics. Consequently, the HCA produced different cluster samples, each characterized by particular chemical contents. In this manner, HCA helps to define chemical end-members of different origins within the study area. Specifically, the Euclidian distance as a distance measure of similarities and Ward's method as a linkage rule are the best combination for producing the most distinctive groups when applied to groundwater chemical analysis (Güler et al., 2002; Cloutier et al., 2008; Templ et al., 2008 ) plays a predominant role in groundwater salinization (Chebotarev, 1955; Tóth, 1985; Cloutier et al., 2010) . Because seawater is the major source of Cl − on Earth, the composition of groundwater is frequently compared with the composition of seawater to discuss the origin of salinity and, more specifically, the possibility of mixing between dilute freshwater and a seawater end-member (Frape and Fritz, 1987) . Moreover, many authors used this comparison to discuss the water/rock interaction control of saltwater chemistry (Frape and Fritz, 1987; Beaucaire et al., 1999; Walter, 2010) . Geochemically conservative elements such as bromide (Br − ) are particularly relevant and useful for investigating salinization processes (Edmunds et al., 1985; Bottomley et al, 1999; Cloutier et al., 2010 (Piper, 1944) to interpret general geochemical evolution pathways of groundwater in the study area. Piper diagrams are widely used in the literature to illustrate trends in the chemical evolution of groundwater based on chemical facies.
Results
Summary statistics regarding the chemical contents of the regional data set are presented in Table 1 . The chemistry of the individual 321 samples is presented in the Supplementary Material (see the electronic appendix). Table 1 presents the number of analyses with values above the detection limit (N), the mean, the median, the first (25) and third (75) quartiles, the maximum (Max) and the minimum (Min) values. The frequency of detection is calculated for each physicochemical parameters and is presented in Table 1 (% value). The frequency of detection corresponds to the percentage of N over the 321 samples of the dataset (% value = (N/ 321) × 100)). The chemical parameters for which the frequency of detection was > 75% were used to perform the multivariate analyses. The selected parameters are marked in Table 1 using bold characters and checked in Table 1 (column Multivariate).
Hierarchical cluster analysis
HCA determined the levels of similarity for samples and presented the results in a dendrogram (Fig. 4) . The number of clusters increases when the position of the Phenon line is moved from top to bottom on the dendrogram. Owing to this subjective evaluation, HCA is a semi-objective method (Güler et al., 2002) . For this study, four clusters provided the most satisfactory result. Descriptive statistics, the water and aquifer types for each cluster are presented in Table 2 .
The largest cluster is Cluster 2 (N = 274) mainly composed of Ca(Na)-HCO 3 samples (251/274). Almost half of these samples come from unconfined environments (127/274), and for around 25% of the Cluster 2 samples, the hydrogeological context is unknown (67/274). The median depth for Cluster 2 is 36 m, the shallowest median depth of all clusters. Chloride waters (calcium and Fig. 4 . Dendrogram produced from hierarchical cluster analysis. When Dlink is < 60% of Dmax (i.e., position of the Phenon line), the samples are divided into four clusters (C1 to C4). Table 2 Water type, aquifer type, median depth of the sample wells and chemical content (median) of the four clusters obtained by hierarchical cluster analysis (HCA). sodium type) are also found in Cluster 2. The chloride waters could not be clustered from the bicarbonate waters by moving downward the Phenon line on the dendrogram. In comparison to the other clusters, Cluster 2 represents a freshwater end-member. Cluster 2 also presents some samples representative of intermediate chlorinated facies situated between Cluster 2 and the other clusters (Clusters 1, 3 and 4) dominated by chloride. Cluster 1 is mainly composed of Na(Ca)-Cl waters (25/30). The bicarbonate type samples of Cluster 1 dominate the other samples of Cluster 1 (5/30). Cluster 3 is exclusively composed of Ca(Na)-Cl (12/12) type samples, with a large predominance of Ca-Cl waters (10/12). Cluster 4 is the smallest cluster with only five samples (over the 321 samples of this study) which all are of Na-Cl type. Confined conditions dominate in Clusters 1, 3 and 4. The median depth for Cluster 1 is 59 m.
Cluster 4 shows the highest mean TDS value (median value = 6 301 mg/L as well as the highest minimum and maximum TDS values (respectively 5573 ppm and 8267 ppm). The median depth for Cluster 4 is 69 m. In Cluster 4, 3 samples were collected in bedrock aquifers and 2 samples were collected in granular aquifers. Confining conditions dominate Cluster 4. The TDS values are decreasing from Cluster 4 to Cluster 2 (Cluster 2 median value = 233 ppm). The mean TDS value of Cluster 3 (median = 2860 ppm) is almost the double as the one of Cluster 1 (Median = 1670 ppm). All the samples in Cluster 3 were collected in fractured rock aquifers. Cluster 3 has the greatest median depth value (106 m). Fractured rock aquifers also dominate in Cluster 1 (22/30). It must be underlined that this study does not address the issue of distinguishing water chemistry from Ordovician limestone and from the crystalline basement.
In Clusters 2 and 4, the numbers of samples from granular aquifers and the number of samples from fractured rock aquifers are almost the same. Based on HCA fundamentals, this observation suggests that brackish groundwater samples grouped in Cluster 3 and collected in the bedrock aquifers are chemically distinct from the brackish groundwater samples that are grouped in Clusters 1, 2 and 4.
Principal component analysis
To investigate the similarities/dissimilarities between clusters, the samples were plotted on the PCA correspondence circle according to the cluster to which they belong (Fig. 5A) . The horizontal axis of the correspondence circle corresponds to the first principal component (Component 1; 38.3% of the total variance of the data set) and the vertical axis corresponds to the second principal component (Component 2; 14.3% of the total variance of the data set).
The Chemical element loadings are presented in Table 3 . Fig. 5B . The distribution for Group 1 fits with the distribution of samples for Cluster 3, and the distribution for Group 2 fits with the distribution of samples for Cluster 4. Clusters 3 samples and one sample for Cluster 4 are in the upper right quadrant of the correspondence circle. This distribution is due to 2− , and HCO 3 − ) preferentially characterize samples in Cluster 4. Moreover, it also suggests that an increase of the salinity enhances the fingerprint of the rock type aquifer on the groundwater chemistry. 
Geographical distribution of clusters
Discussion
In the following graphs, the samples are represented with respect to their membership in an HCA cluster. Seawater dilution lines were defined using seawater ratios from Goldberg et al. (1971) . (1)
RECHARGE GROUNDWATER AND WATER/ROCK INTERACTIONS
This observation strengthens the hypothesis that most of the samples of Cluster 2 correspond principally to recharge groundwater, primarily in unconfined hydrogeological environments (Table 2 ). This observation also implies that the dissolution of calcite and/or anorthite minerals is a fundamental process for inducing the initial geochemical footprint at the beginning of the chemical evolution of groundwater, i.e., in recharge areas.
Another set of reactions leading to the same conclusion is the dissolution of labradorite, a common mineral of the anorthosite complex of the region: 
Thus, the weathering of labradorite (anorthosite) produces clay, albite (albitization of labradorite) and a Ca-HCO 3 water. The samples in Cluster 4 exhibit a slight increase in HCO 3 − content that is accompanied by a decrease in Ca 2+ content. PCA results confirm the influence of HCO 3 − on the chemistry of Cluster 4 samples (Fig. 5) . Ca 2+ may result from incongruent reactions of magnesian carbonates and having various relationships with HCO 3 − . Incongruent dolomite and limestone dissolution is caused by the difference in solubility products of the two minerals. When water is saturated for calcite, it remains undersaturated for dolomite (or any magnesian limestone) and dissolution of the magnesian minerals will continue and resulting in the precipitation of Ca 2+ and CO 3 2− ions to conserve the equilibrium for calcite (Wigley, 1973; Aquilina et al., 2003) . However, these reactions are mostly observed in karst systems (Aquilina et al., 2003) and karst systems are sparse in the study area. According to Eq. (4), the HCO 3 − content is attributable to the dissociation of water molecules in the presence of CO 2 :
The excess of HCO 3 − in Cluster 4 samples relative to the dissolution of calcite/anorthite can be interpreted as the result of any reaction that produces CO 2 (organic matter degradation, sulfate reduction/calcite-dolomite dissolution, etc.). Adding HCO 3 − results in calcite precipitation-according to Eq. (3) in reverse-and thus the removal of dissolved Ca 2+ from the solution and a decrease in the Ca 2+ concentration.
The diminishing HCO 3 − concentrations in the Cluster 3 samples is accompanied by an increase in Ca 2+ content (Fig. 7 ). This agrees with the PCA results that showed the predominant role of Ca 2+ in the chemistry of the samples of Cluster 3 (Table 2 and and Bucher, 1999a,b) . This process is evident in the minerals observed in the fractures, veins and cavities of the Canadian Shield rocks (Gascoyne and Kamineni, 1994) . With the consumption of all available CO 2 , no more HCO 3 − is available in solution. However, Ca 2+ will continue to be released during anorthite plagioclase alteration according to Eq. (6) (Stober and Bucher, 1999a,b) , in which the CO 2 in Eq. (1) is replaced by H + ions. 
The control of the plagioclase weathering process on the chemical evolution of groundwater within fractured rock aquifers is also suggested by the PCA results. Ba 2+ and Sr 2+ are commonly incorporated as trace elements in the crystalline structure of feldspar plagioclase minerals (Beaucaire and Michard, 1982; Hem, 1985) . In Fig. 5 , these two chemical elements, in particular, characterize the chemistry Cluster 3 samples.
Salinization processes
The Cl − /Br − ratios (based on ppm) are often used to provide insight into the marine origin of salinity in groundwater (Carpenter, 1978; Frape et al., 1984; Montcoudiol et al., 2014) . In comparing ratios with seawater ratios (Cl 
/Br
− ratio for crystalline rocks is below Cl − /Br − = 100 (Stober and Bucher, 1999a,b) .
In Fig. 8C , Br − enrichment (or Cl − depletion) relative to seawater is apparent for Cluster 3 samples, whereas the samples of 
− ratio around 88, close to that of crystalline rocks (Stober and Bucher, 1999a,b) suggesting a basement origin for chloride in Cluster 3. Many Cluster 2 samples also have low Cl − /Br − ratios (∼85) suggesting that salinization is related to basement fluids for these samples as well. The Na + /Cl − ratios for Cluster 3 are slightly depleted in Na + relative to those of seawater (Fig. 8A) . Na + /Cl − ratios lower than those in seawater have been observed in saline groundwater in granitic rocks in the United Kingdom (Edmunds et al., 1984) and France (Beaucaire et al., 1999) . In both studies, the low Na + /Cl − ratios relative to seawater are attributed to equilibration with secondary aluminosilicates and thus a predominance of water/rock interaction processes. Cluster 3 samples follow this trend. The Na + /Cl − ratios for Cluster 4 samples are slightly enriched in Na + and are very similar to the Na + /Cl − ratios of seawater.
Enrichment relative to seawater was also observed for the Ca 2+ /Cl − ratios (Fig. 8B) , particularly for the Cluster 3 samples relative to the Cluster 4 samples. In this figure, the linear relationship between Ca 2+ and Cl − is striking. Calcium exhibits a strong positive linear correlation with Cl − in deep saline groundwaters in the Canadian Shield (Frape et al., 1984; Frape and Fritz, 1987; Bottomley, 1996) .The Ca 2+ /Na + ratios for the Cluster 4 samples are very similar to those of seawater (Fig. 9) . The Cluster 4 samples tend to reach the seawater dilution line (Fig. 9 ). For these samples, the salinization process might then correspond to the mixing between a seawater end-member (Na-Cl of Cluster 4) and more diluted water containing (Ca, Na)-HCO 3 (Clusters 1 and 2) (Salinization path 2; Fig. 9 ). Gascoyne and Kamineni (1994) presented a model for different types of crystalline rocks in the Canadian Shield, in which the near surface groundwater (Ca-HCO 3 in composition) evolves into slightly more mature groundwater (Na-HCO 3 in composition) as it moves along the flow paths and increases with depth (∼250 m). At greater depths ( > 1000 m), all groundwaters tend toward a (Ca-Na)-Cl composition. For samples of Cluster 3, the salinization process corresponds to the geochemical evolution from Cluster 2 (Ca-HCO 3 ) to Cluster 3 (Ca-(Na)-Cl) groundwater (Salinization path 1; Fig. 9 ).
Cluster 1 samples stand in an intermediate position between both Clusters 2 and 3 and between Clusters 2 and 4 (Fig. 9) . Cluster 1 as well as some Cluster 2 samples within the field of Cluster 1 samples correspond to groundwater that may have undergone mixing and dilution between fresh and brackish groundwater that evolved along Salinization paths 1 or 2. Ion exchange reactions in these confining layers may underlie the desorption of Na + from the Na-Cl-rich seawater according to Eq (8) (where X (s) represents the solid matter of the confining layer, which plays the role of cation exchanger):
Ca
When freshwater (Ca-HCO 3 in composition) infiltrates and circulates in confined granular deposits and contacts the confining layers, Ca 2+ is taken up from the freshwater to replace Na + , which is released from the cation exchanger in the groundwater (Eq.
( 8)). This process is known to occur in coastal aquifers (Appelo and Postma, 2005) and has been observed within the Basses- Seawater (SW) dilution lines were defined using seawater ratios from Goldberg et al. (1971) .
Laurentides aquifer. In the Basses-Laurentides aquifer system, granular aquifers are confined by marine Pleistocene clays deposited during the Champlain Sea episode (Cloutier et al., 2010) . In this case, clays play the role of cation exchanger liberating Na + in groundwater. Samples in Cluster 4 are all Na-Cl type reflecting a marine origin. Cluster 4 samples are the closest samples to the seawater endmember in Fig. 9 and most Cluster 4 samples plot near the seawater dilution line. Some of the samples for Cluster 1 plot in an intermediate position between Na-HCO 3 samples in Clusters 2 and 4 and are aligned along the seawater dilution line. Path 2 in Fig. 9 corresponds to the salinization process that brings Na-HCO 3 groundwater to a Na-Cl water type. Cluster 4 then represents an endmember of the mixing trend between a seawater end-member and the more diluted water that prevails in confined aquifers within the study area.
The combination of reactions 3 and 4 for the plagioclase dissolution shows that 2 Na + = Ca 2+ . A gradually changing Na + /Ca 2+ ratio of the groundwater may then be related to the dissolution/precipitation kinetics of feldspars. In Fig. 9 , samples that follow Salinization path 3 correspond to groundwater evolving from a Ca-HCO 3 facies to a Na-HCO 3 facies according to this kinetic process.
Microcline weathering
Mineralogical analyses performed on deep marine deposits in some areas of the SLSJ region showed that microcline and illite represent 41% and 21% of the argillaceous fraction of clay, respectively (Gravel; 1974). K-feldspar (microcline) transformation into the clay mineral (illite), is represented by:
According to the PCA results (Fig. 5) , SiO 2 and K + are related to samples in Cluster 4. The influence of SiO 2 and K + on the chemistry of Cluster 4 results from the chemical breakdown of microcline and it confirms that the weathering of silicate minerals occurs more efficiently within the regional aquitard than in the bedrock.
General geochemical evolution path in the slsj aquifer systems
The combination of HCA, PCA and binary graphs demonstrates that the occurrence of two distinct salinization paths depends on the hydrogeological context. Based on the content of major elements, the general geochemical evolution paths of groundwater within the SLSJ aquifer systems are presented in the Piper diagram in Fig. 10 . The samples are presented according to the HCA cluster to Fig. 9 . Log-log plots of Na + versus Ca 2+ concentrations (in mmol/L). The seawater (SW) dilution line was defined using the seawater ratios from Goldberg et al. (1971) . Salinization path 1 corresponds to the geochemical evolution from Cluster 2 (Ca-HCO 3 ) to Cluster 3 (Ca-(Na)-Cl) groundwater samples. Salinization path 2 corresponds to the mixing between a seawater end-member (Na-Cl of Cluster 4) and more diluted water containing (Ca, Na)-HCO 3 (Cluster 2). Salinization path 3 corresponds to groundwater evolution under Ca which they belong. Cluster 2 samples (Ca,Na-HCO3) reflect the first stage of groundwater evolution as the cation composition changes from Ca 2+ dominant to Na + dominant, which is explained by ion exchange processes in the presence of the marine clay aquitard and further explained by the feldspar dissolution/precipitation kinetics in the bedrock. Then, the evolution of groundwater follows two possible paths. The first path occurs as groundwater flows through the crystalline bedrock aquifers, which induces a change in the anion composition from HCO 3 − -dominant (Clusters 2) to Cl − -dominant end-members (Clusters 3 and 4). According to the first path (Path 1), groundwater tends to evolve by water/rock interactions toward a Ca-Cl end-member. This evolution is accompanied by the simultaneous increase of the Ca 2+ , Sr 2+ and Ba 2+ contents of groundwater. The second path begins with Ca 2+ water -Na + mineral ion exchange and results in the transformation of the samples from Ca-HCO 3 to Na-HCO 3 ( Fig. 10 ; Path 2). Path 2 represents the evolution of groundwater due to a salinization path within the confined aquifers that are in contact with the regional aquitard and possible groundwater mixing with the Pleistocene Laflamme Sea end-member. The seawater could be trapped in the regional aquitard (solute diffusion) or may be stagnant (mixing) in some part of the aquifer (Cloutier et al., 2010) . This latter combination of processes (cation exchange and/or leaching of saltwater trapped in the regional aquitard) is grouped in this study under the term "water/clay interactions". Ion exchange, solute diffusion from the Laflamme Sea clay aquitard and/or mixing with Laflamme seawater cause the evolution of Cluster 2 (recharge Ca-HCO 3 groundwater to Na-HCO 3 groundwater) to Cluster 4 (brackish groundwater Na-Cl in composition). Following this latter trend, the chemistry of the groundwater tends to evolve toward an end-member having a composition that is like that of present seawater, i.e., Na-Cl-rich. According to the PCA, this evolution is accompanied by a simultaneous increase of the Mg 2+ , SiO 2 , K + and SO 4 2− contents of groundwater. water -Na + mineral ion exchange, solute diffusion from the Laflamme Sea clay aquitard and/or mixing with Laflamme seawater provoke the evolution of recharge Ca-HCO 3 groundwater (Cluster 2) to Na-HCO 3 groundwater and brackish groundwater (Na-Cl in composition, Cluster 4).
topographic gradient. Bedrock groundwater evolves from Cluster 2 (Ca,Na-HCO 3 , unconfined environment) to Cluster 3 (Ca,Na-Cl; rock dominated) by interactions with basement fluids (water-rock interactions, e.g. Cl − /Br − mass ratios of 88 derived from Fig. 8) coming up along the graben fault system. The distribution of Cluster 3 samples along major faults in Fig. 6 also suggests the upwelling of basement fluids toward the surface. In the crystalline basement, the dissolution/precipitation kinetics of feldspars induce a gradual changing of the chemical facies from Ca-HCO 3 to Na-HCO 3 (Cluster 2). Confining conditions dominate Cluster 4 ( Fig. 4 ; Table 2 ). The groundwater in the granular aquifers exhibits an evolution from the recharge groundwater of Cluster 2 by ion exchange (Cluster 2 Na-HCO 3 ) in a confined environment and possible mixing with the Laflamme seawater end-member (e.g., Cl − /Br − mass ratios of 266 derived from Fig. 8 ; Cluster 4). This latter evolution might also be observed in bedrock aquifers where confining conditions prevail. Cluster 1 samples are dominated by Na-Cl waters from confined bedrock aquifers (Fig. 4) . The samples from Cluster 1 are predominately distributed near limestone units (24/30 samples) (Fig. 6 ) and may then represent a seawater end-member of groundwater evolving in contact within the confined Ordovician limestone.
The end-members of the salinization paths, represented by Clusters 3 and 4, are thus identified and can be distinguished based on the relative concentrations of the following trace elements: Ca 2+ , Sr 2+ , Ba 2+ for Cluster 3 and Mg 2+ , SiO 2 , K + , SO 4 2− , and HCO 3 − for Cluster 4 (Fig. 5 ). Mixing and dilution (Fig. 10 ) occur at different rates during the evolution of groundwater having different origins in response to the specific hydrogeological context prevailing locally in the region.
Summary and conclusions
In this paper, groundwater evolution paths that account for the chemical characteristics of a large dataset obtained from groundwater analyses in a regional-scale study has been described. The dissolution of calcite and/or plagioclase minerals controls the chemical background of recharge groundwater. Anorthite plagioclase weathering is more effective in bedrock aquifers, and the Ca 2+ water -Na + mineral ion exchange process is dominant in confined aquifers. In addition, there is mixing with a seawater end-member where confining conditions by the regional aquitard are prevailing. In the crystalline bedrock, mixing with deep brackish groundwater by topographically driven groundwater flow appears to be a possibility in the Lake St. John area.
The combination of HCA, PCA and binary graphs identifies two distinct salinization paths occur: 1) an evolution by water/rock interactions; and 2) an evolution from the recharge groundwater by water/clay interactions and groundwater mixing. The first evolution path is specific to fractured rock aquifers. The term water/clay interactions was introduced in this paper to account for a combination of processes, namely: ion exchange and/or leaching of salt water trapped in the regional aquitard. Mixing with fossil seawater present in the aquifer might also increase the groundwater salinity.
Based on the results obtained using PCA, clusters can be distinguished according to the relative concentrations of the following trace elements: Ca (water/clay interactions). One of the main processes controlling the groundwater chemistry in confined aquifers is believed to be the degradation of organic matter and/or any other reaction that produces CO 2 . Another process could be the silicate alteration process, Fig. 11 . Generalized cross-section showing the different salinization pathways occurring in the SLSJ area. Bedrock groundwater evolves from Cluster 2 (Ca,Na-HCO 3 , unconfined environment) to Cluster 3 (Ca,Na-Cl; rock dominated) by interactions with basement fluids (water-rock interactions) coming up along the graben fault system (groundwater flow line). The distribution of Cluster 1 close by Limestone units (Fig. 6 ) and the hydrogeological information related to Cluster 1 (Fig. 4 : Na-Cl type in confined bedrock aquifers) suggest that Cluster 1 represent a seawater end-member of groundwater evolving in contact with the Ordovician limestone. The groundwater in the granular aquifers exhibits an evolution from the recharge groundwater (Ca-HCO 3 ) by Ca 2+ water -Na + mineral ion exchange process in a confined environment (Na-HCO 3 ; Cluster 2) and possible mixing with the Laflamme seawater end-member (Na-Cl; Cluster 4). This latter evolution might also be observed in bedrock aquifers where confining conditions prevail. more specifically microcline plagioclase weathering.
The percentage of cumulative variance obtained via PC 1 and 2 is 52.6%. This suggests that 50% of the variance of the dataset cannot be explained by the first two components (salinity). Other components need to be investigated to establish a more global portrait of regional hydrogeochemistry. Further work should also focus on identifying reliable tracers of the two salinization paths using Factorial Analysis (FA). In contrast to PCA, the emphasis of FA is explaining covariances instead of the total variance of a dataset. Thus, FA could be used to highlight highly correlated chemical parameters within the dataset and shed new light on the chemical nature of the samples.
Next steps should prioritize an improved knowledge of the different rock types and their geochemical properties. Compilation of the existing geochemical data on rocks and sediments should be coupled with the sampling of outcrops to investigate the mineralogical assemblages of the various regional rocks (via thin section analysis). Leaching experiments should also be performed to obtain different specific ionic ratios, as for instance the Cl − /Br − ratio. Finally, a new sampling campaign focused on isotopic data (  18 O,   2 H, 13 C, etc.) and residence time constraints could contribute to deciphering the data set, especially the origins of the saline endmembers. This study-derived from a routine chemical analysis of water quality-provides a new understanding of the chemical evolution of groundwater that is of interest in conceptualizing the dynamics of groundwater, such as flow patterns and hydraulic connectivity between aquifers. With a better understanding of the chemical characteristics of the salinization paths, the major, minor and trace element chemistry of groundwater becomes a relevant tool for investigating groundwater dynamics, such as the interconnectivity of aquifer systems or groundwater flow dynamics according to gravity-driven flow processes. With a better knowledge of the geochemistry of the porous and the fractured matrix of regional aquifers, as well as of the geochemistry of aquitards present in the SLSJ region, this study may leads to discussions on the spatial and temporal evolution of groundwater quality with respect to the prevailing geochemical paths (water/rock and/or water/clay interactions).
